In the present study, the performance of a combined catalyst/sorbent pellet design for the sorption-enhanced steammethane reforming process has been numerically investigated. The mathematical pellet model formulated for the process describes the evolution of species mole fractions, pressure, total concentration, temperature, mass and heat fluxes, and convection within the voids of the porous pellet. The mass diffusion fluxes are described according to the MaxwellStefan and dusty gas models and the effective diffusivities are described employing the parallel pore model. In addition, models proposed in the literature for void fraction changes and product layer diffusion resistance are adopted.
Introduction
Natural gas is both an important source of energy and an important precursor for chemical materials. The process of sorption-enhanced steam-methane reforming (SE-SMR) is currently an important topic due to its integration of hydrogen production and CO 2 separation. Hydrogen has for several decades been an important raw material for the manufacture of commodity chemicals such as ammonia in fertilizer industries and methanol. Increased quantities of H 2 are now being used in petroleum refining as sour heavy crude increasingly replaces sweet, light cruds [1] . In the SE-SMR process, CO 2 is captured by an integrated sorbent, and the chemical equilibrium is shifted to the product side of the steam-methane reforming (SMR) reactions. The reforming reactions (I) and (II), and the water-gas-shift reaction (III) are the most important reactions when converting methane in the presence of steam. When a Ca-based sorbent is integrated in the SMR process, the presumable selective removal of CO 2 is represented by reaction (IV). Because the sorbent is effectively consumed in reaction (IV), the SE-SMR process is dynamic in nature. However, a sorbent regeneration step (V) is necessary to make the SE-SMR process economically viable.
Nomenclature

Latin Letters
The SE-SMR process can be operated using either of two different pellet designs: the two-pellet design or the one-pellet design. In the two-pellet design, the CO 2 capture property and the reformer catalytic property are separated into two different pellets. On the other hand, the one-pellet design unifies the catalytic and capture properties in a single pellet type.
In the present study the simulation results are presented in terms of an effectiveness factor which is a convenient parameter frequently used in reactor design. The effectiveness factor for solid-gas reactions is defined as [2] : η = actual overall rate of reaction rate of reaction with surface conditions (1) Thus the effectiveness factor of the sorption and catalytic reactions will indicate diffusional limitations within the porous structure of the pellet. For a strongly diffusion limited process η << 1, and for a reaction limited process η → 1. For a pellet holding both the reformer catalytic property and the CO 2 capture property, the effectiveness factor may exceed the unit value for the capture reaction because, due to the reformer reactions, a higher CO 2 partial pressure may temporarily exists within the pellet than present at the pellet surface. For a chemical reaction such as the CaO carbonation reaction (IV), the definition of the effectiveness factor cannot be used in its current form, because equation (1) becomes ill-conditioned for the capture reaction (IV) when the surface is fully saturated with CO 2 . To overcome this problem, an alternative definition is required for the capture reaction. Thus, in this study, the following definition of the effectiveness factor is proposed for the CO 2 capture reaction (IV):
actual overall rate of reaction reference rate of reaction, r ref (2) Structural changes within the sorbent particle is a drawback in the SE-SMR process, i.e. the sorbent may lose its CO 2 -capture capacity due to product layer formation and sintering. Attempts have been made on modeling structural changes within sorbents for CO 2 capture; e.g. Stendardo and Foscolo [3] describes a mathematical model of a particle made up of very small spherical grains which grow during the gas-solid reaction due to solid product formation around the grains, thus the particle void fraction is reduced as the reaction proceeds. The structural changes in the spherical grains are taken into account in the proposed model by the inclusion of a variable diffusion coefficient of the gaseous reactant through the developing product layer.
Recently Solsvik and Jakobsen [4] performed a numerical study of a two property catalyst/sorbent pellet design for the SE-SMR process focusing on modeling complexity and parameter sensitivity analysis. In the present study, the work of Solsvik and Jakobsen [4] is further extended to elucidate the effects of product layer diffusion, void fraction changes and Knudsen diffusion for smaller pellet diameters, i.e. 0.5 (fluidized bed) and 3 mm versus 7 mm (fixed bed).
Mathematical model
In the sequent the combined catalyst/sorbent model is outlined. Further details on the model and numerical solution algorithm using the orthogonal collocation method are given by Solsvik and Jakobsen [4] . The reactor operating conditions used are given in table 2.
The continuity equation, species mole balances and heat balance are given by, respectively [4, 5, 6, 7] :
where the mass source term and the heat source term [8] are given by correlations (6) and (7): (14) is adopted which expresses the relationship between the viscous flow velocity and the pressure drop within the pellet [9, 10] .
The random pore model [11] for bi-disperse pore system suggest the effective diffusivity (15) where 1 and 2 , in this work, denote the inter-agglomerate and inter-grain voids, respectively. Thus, the void within the pellet is divided into two different regions in which each region constitute a void fraction characterized by cylindrical pores having a mean pore radius, r pore,1 (inter-agglomerate void) and r pore,2 (inter-grain void).
The Knudsen diffusion coefficient is computed as [12] :
whereas the binary diffusion coefficients are given by [13] : Initial conditions:
Boundary conditions for symmetry point, r = 0:
Boundary conditions for surface, r = r p :
The molecular mass diffusion fluxes [6] are described according to the Maxwell-Stefan (18) [14, 15] and dusty gas (19) [16, 17] models:
The reaction kinetic model of the reforming and shift reactions by Xu and Froment [18] , and the CO 2 capture for CaO/Ca 12 Al 14 O 33 (75/25 wt%) sorbents by Li and Cai [19] were adopted in this study. The fractional conversion rate of CaO to CaCO 3 is given by [19] :
During the reaction process CaO reacts with CO 2 and converts into CaCO 3 and reduce the void fraction within the pellet. The correlation between the reduction in void fraction and the CaO conversion suggested by Stendardo and Foscolo [3] is on the form:
A progressively increasing transport resistance develops in the pellet as a consequence of CaCO 3 formation. The product layer diffusivity correlation used in this study is based on the closure proposed by Stendardo 
The reaction rate (20) is modified in accordance to the work of Stendardo and Foscolo [3] including the effect of the product layer diffusion resistance by the variable diffusion coefficient (22) of the gaseous reactant through the developing product layer:
Results and Discussion
In the present study a combined catalyst/sorbent pellet design for the SE-SMR process has been numerically investigated. The mathematical modeling and sensitivity study focus on the effects of: (i) product layer resistance and void fraction reduction due to the reaction of CO 2 with the sorbent, (ii) pore size distribution within the pellet, (iii) pellet diameter and intra-particle diffusion resistance, and (iv) bulk phase species composition. The simulation results are presented in terms of the effectiveness factor (1) for the reformer reactions (I) and (II), whereas the effectiveness factor (2) is adopted to describe the intra-particle process of CO 2 reaction with the sorbent (IV).
The porous structure of the pellet assumes to result from compressed powder composed of agglomerates which have either catalytic (reforming reactions) or CO 2 capture properties. The agglomerates can be further divided into grain units, hence, the voids within the porous pellet body arise from inter-grain pores and inter-agglomerate channels [4] . The sensitivity to pore size distribution adopting the random pore model (15) is given in figure 1 . For the simulation conditions applied in this study, the effect of Knudsen diffusion due to the pore size distribution has a significant effect on the computed effectiveness factors. Due to the significant Knudsen diffusion contribution, the simulation results of the dusty gas model deviates from the results obtained with the Maxwell-Stefan model. In the SE-SMR process a product layer limits the capture capacity. Based on the work of Stendardo and Foscolo [3] , the effect of the product layer resistance is modeled by use of a product layer diffusivity. A natural sorbent was used in the work of Stendardo and Foscolo [3] , thus to employ the effective reaction rate model suggested by these authors, the model has been modified to fit the kinetics of the synthetic sorbent applied in the present study. However, the product layer diffusivity model suggested for the natural sorbent is adopted in this work without any modifications due to the current lack of experimental data for the synthetic sorbent. It is assumed that the parameter values for natural and synthetic sorbents is similar and a sensitivity study is performed for the presumably most critical parameters, i. The modeling work on product layer is complex and far from complete. Mess et al. [20] studied CO 2 diffusion through CaCO 3 product layer on CaO. The authors found that the carbonation rate decreased more rapidly with time than would be expected from diffusion through a uniform product layer. Dennis and Pacciani [21] claimed that it is not possible to model the diffusion of CO 2 through the product layer by only determine a value of the diffusivity of CO 2 passing through the growing layer of product. The authors claimed that the model must also take into account the disruption of the product layer. However, the stress needed to disrupt the product layer may be significantly affected by gross changes in the morphology of the layer due to sintering in some circumstances. The SE-SMR process is dynamic in nature and hence the effectiveness factors change with the fractional conversion of the solid sorbent; figures 1-3. In addition, both the pellet size and bulk gas phase composition effect the process. The smaller pellet diameter reaches its ultimate CO 2 capture capacity within a few seconds, whereas it may take over 30 seconds for the larger pellet. The studied effects at the pellet level should be further evaluated to elucidate the impacts at the reactor level.
For the capture reaction (IV), some simulation cases gave effectiveness factor values that exceeded the unit value because of the combined catalyst/sorbent properties within the pellet. Thus, due to the reformer reactions, a higher CO 2 partial pressure temporarily existed within the pellet that present at the pellet surface. The conventional two-pellet design (catalyst and sorbent properties separated in different pellets) is put in disfavor considering the possible high effectiveness factor values achievable with the combined catalyst/sorbent design.
Concluding Remarks
A numerical investigation of a combined catalyst/sorbent pellet design for the SE-SMR process has been performed in the present study. Structural changes due to the reaction between CO 2 and the solid sorbent are modeled by inclusion of a variable product layer diffusion coefficient of the gaseous CO 2 through the developing solid layer; and moreover, a correlation for the void fraction reduction with the sorbent conversion is adopted. Furthermore, influence of Knudsen diffusion due to pore size distribution is analyzed adopting a random pore model to describe the effective diffusivities of the dusty gas model. Intra-particle diffusional limitations are influenced by the pellet size, hence, in this study, pellet diameters of 0.5 mm and 3 mm are adopted in the simulations. Simulations are performed with two cases of bulk gas phase compositions due to the effects on the chemical kinetics of the reformer and CO 2 capture reactions.
Modeling of both the pore size distribution and structural changes within the pellet are important for improved model prediction of the SE-SMR process. Hence, the pore size distribution within the pellet is an important model parameter that should be determined; and moreover, correlations describing the void fraction decrease with the sorbent fractional conversion and transport resistance due to product layer growth should be developed for the pellet design adopted in the present study because the correlations found in the literature are not based on this particular pellet design.
Simulations on the reactor level are required to elucidate the effects of pore size distribution and structural changers on the reactor performance. Moreover, in order to perform reactor simulations with a homogeneous model, the effectiveness factor (2) is not sufficient.
